Introduction
Fluidized beds are the units designed to provide fluid-solid contacting by the fluid flow through a bed of particles (Andrews and Arthur 2007) . A number of thermal processes in technology take advantage of the importance of gas-solid interaction in fluidized beds to carry out gas-solid reactions, heterogeneous catalysis and particle drying. The gas-solid fluidization process in circulating fluidized beds is widely applied in many industrial branches. Characterization of the gas-solid particle flow in a circulating fluidized bed (CFB) riser is important for the process optimization. The particle size distribution has significant influence on the dynamics of gas-solid flow (He et al., 2008) along with another important property of the giving system, such as difference in the physical densities of the used materials. The gas-fluidized beds consist of fine granular materials that are subject to the gas flow from below giving the transport velocity that is large enough to overcome the gravity by the viscous drag force and thus the particles can suspend and be fluidized. When in the fluidized state, the moving particles work effectively as a mixer resulting in a uniform temperature distribution and high mass transfer rate, which are beneficial for the efficiency of many physical and chemical processes (Wang et al., 2005) . For this reason the gasfluidized beds are widely applied in different industries: thermal, energy, chemical, petrochemical, metallurgical, and environmental industries in large-scale operations involving adhesion optimized coating, granulation, drying, and synthesis of fuels and base chemicals (Kunii & Levenspiel, 1991) . In general, the lack of understanding of fundamentals of the dense gas-particle flows has led to severe difficulties in design and scale-up of these industrially important gas-solid contactors (van Swaaij, 1985) . In most cases, the design and scale-up of fluidized bed reactors is a fully empirical process based on preliminary tests on pilot-scale model reactors, which is a very time consuming and thus expensive activity. Clearly, computer simulations can be a very useful tool to aid this design and scale-up process. In the CFB furnaces the ash solids and inert materials like sand particles are mainly used as a solid heat carrier -separated in a hot cyclone and cooled after that in a heat exchanger www.intechopen.com
Computational Simulations and Applications 144 while the ash particles come back into the furnace. The temperature level in the furnace can be held in the given range by circulating the ash/sand masses. While the heat capacity of ash is quite low, the circulating ash mass must be huge. One way of optimization is to keep up higher heat capacity by adding inertial sand particles. The high ash concentration in furnace gases can be attained with i) high velocity of gas in bed when the fuel particles carried out of bed are burned and their ash fills the whole volume of furnace and ii) ash circulation. The CFB combustion technology enables to bind the sulphur components with the carbonate components added to the fuel or existing within the mineral part of the fuel. A disadvantage of CFB is that some fuel ash particles become too fine during the circulation and therefore the size of ash particles contained in the fuel gas exiting the hot cyclone is too small. As a result of disintegration, the mass of fine ash particles, which are not separated from flue gases or captured in the connective flue ducts and multicyclone increases. The high concentration of particles in the fire gases of CFB furnace chamber contributes to the formation of particle clusters with the solid phase concentration within 0.1 -0.2 m 3 /m 3 . At the exit of CFB boiler furnace the density of solid phase is within 5 -20 kg/m 3 . The given paper is an advanced research of two previous references: "Numerical simulation of uprising gas-solid particle flow in circulating fluidized bed" and "Numerical simulation of uprising turbulent flow by 2D RANS for fluidized bed conditions" (Krupenski et al., 2010) where the mathematical modelling of CFB has been performed. The first one is related to the numerical simulations of CFB where the two-phase turbulent boundary layer approach (TBL) was included. The latter concerns modelling of CFB processes by the RANS approach, which has been developed for both, the gaseous and solid phases, implementing the Euler/Euler approximations or a two-fluid model. Both papers have their advantages and disadvantages. For instance, in the TBL approach the diffusive source terms were retained only in one direction, namely, in the transverse direction, and the magnitude of average transverse velocity components in the gas-and dispersed phases were much less than that of longitudinal components of the corresponding velocities in the gas-and dispersed phases. Such an approach is fully valid and used in the pipe channel flows as well as in the turbulent round jets and flows past the rigid shapes (Hussainov et al., 1995 , Frishman et al., 1997 . Nevertheless, a more rigorous and accurate solution was obtained with the help of RANS approach where there are no artificial predictions attached to the TBL approach. However, in both papers only one component of solid admixture, namely, the ash particles are used to simulate the motion of particulate solid phase as a whole. The current mathematical performance assesses the effect of the presence of two coexisting solid substances, such as ash (light) and sand (heavy) particles with the particle size distribution for each component of solids. This system represents one step further for the mathematical approach to capture real physical processes in CFB. Besides, by making calculations in the real CFB conditions (high temperature of the process) we take into account the amount of heat that must be separated from the combustor by the sensible heat of ash and solid sand particles. The approach enables to optimize particle mass concentration of ash and sand solid particles in fire gases. The problem is solved by using elaborated mathematical modelling with the help of 2D RANS approach that applies to two coexisting phases. The numerical simulations are performed in the vertical freeboard CFB flow conditions when the temperature of carrier gas-phase fluid is 1123K. Therefore the corresponding magnitudes of parameters of the gaseous phase such as kinematic viscosity coefficient and density of the gaseous phase must www.intechopen.com For these media we have chosen the initial data very close to the medium in the Estonian oil-shale CFB furnace. The problems of two-phase flows in the CFB risers have been analyzed in certain publications (Hussain et al., 2005 , Moscow Energija, 1973 , but these studies do not consider dependence of the amount of sensible heat carried by solid particles on the mass flow loading magnitude. The numerical parametric study deals with the influence of the parameters of various riser exits on the hydrodynamics of gas-solid twophase flow in the CFB riser (Hussain et al., 2005 , Moscow Energija, 1973 . The freeboard CFB used in the given research represents a cylindrical symmetric pipe flow domain occupied by the giving mixture of gas and two types of solid particles. Since the two-fluid model or Euler/Euler approach is applied for the description of the behaviour of solid particles as continuous co-existing phases, the numerical performance is carried out with the finite (control) volume method (Perić & Scheuerer, 1989 and Fertziger & Perić, 1996) (Gidaspov, 1994) . In such particulate flows, the particle-turbulence interaction phenomenon is less significant in comparison with the particle-particle collision phenomenon. On the contrary to the Euler/Euler approach, another well-known approximation, which is frequently applied for modelling, the dispersed phase is the Lagrangian Particle Tracking method. The Lagrangian method deals usually with huge numbers of tracking particles (up to several millions of tracking particles depending on the mass flow loading) to obtain a converged solution and also to take into account the particles feedback in the primary fluid (gas-phase). One mathematical technique that can be used for the calculation of flow parameters, including the coupling effect, is given by the particle-cell source method (Crowe et al., 1977) . Helland et al., (2000) using the Lagrangian ParticleTracking approach to calculate the two-dimensional gas-solid particles flow in a CFB riser with the 3% total volume concentration of solids. To take into account the effect of the interparticle collisions within the Lagrangian approach, (Sommerfeld, 2001 ) developed a stochastic inter-particle collision model with the introduction of a fictitious particle with which the traced particles might collide.
To sum up with introduction one can underline an importance of sought problem, that is the key study of given process is taken place in freeboard of furnace of CFB steam-generator and which is under numerical investigation.
Theoretical terms of the model

Governing equations for the two dimensional RANS model
In the area of multiphase flows there has been developed a lot of models for particulate flows in several papers e.g. (Pfeffer et al., 1966 , Michaelides, 1984 . A "two-fluid model" is being used in the modelling of dispersed two-phase systems where the gas and particles are considered as two coexisting phases that reach the entire flow domain. To describe the flow of the particulate phase, one of the possibilities is using the Reynolds-Averaged NavierStokes (RANS) method. The general equations of this method were examined by plenty of experiments, which showed that with using this method it is possible to discover, for example, the boundary conditions using the wall-functions approach and it is quite easy to implement it numerically. In this work the RANS method is used for both coexisting phases, namely the gas-and solid phases with the closure equations. Two basic predictions were used for closure of the governing equations of gaseous and dispersed phases: i) the four-way coupling model (Crowe, 2000) by that captures one capture the particleturbulence interaction phenomena and ii) the inter-particle collision closure model (Kartushinsky & Michaelides 2004) to assess an the particles interaction. The both models are used for receiving an output of necessary data which are the axial and radial velocities, turbulent energy and the particle mass concentration. The information on these parameters will be much useful for evaluation of the relevant processes occurred in particulate flows like CFB processes. This model is based on the complete averaged Navier-Stokes equations applied for the axisymmetrical upward gas-solid particle turbulent flow in the freeboard CFB processes.
The governing equations present the carrier fluid (gas-phase) and solid (polydispersed) phase which is considered a co-existing flow and consists of a continuity equation for the gas-phase and mass conservation equation in the dispersed phase together with the momentum equations for both phases in the longitudinal and radial directions. In addition, the moment of momentum equation is included for the solid phase because of Magnus lift force and plausible particle rotation stemmed from the wall interaction. The solid phase is considered a polydispersed phase, which consists of two particle fractions -light (ash) particles and heavy (sand) particles. The present governing equations along with the corresponding boundary conditions are given by Kartushinsky and Michaelides (2004 , 2006 and are the following: 1. Continuity for the gaseous phase:
2. Linear momentum equation in the longitudinal direction for the gaseous phase: 
4. Turbulence kinetic energy equation for the gaseous phase:
5. Mass conservation equation for the solid phase:
6. Momentum equation in the longitudinal direction for the solid phase:
7. Momentum equation in the radial/transverse direction for the solid phases:
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Here p is the pressure, u, s u , s v , s  are the longitudinal, radial, angular velocity components of gas-and solid phases (subscript s), respectively, and  the particle mass concentration. The subscript "i" corresponds to the number of particle fraction and varies in the range ( 1 3 i  ), which composes the polydispersed phase. The particle void fraction is linked with the particle mass concentration as / p    ( is solids void fraction). The closure equations of gas-phase are performed by using turbulence time scale) have to be calculated in advance (in preliminary calculations) for completion modelling in the pipe gas-solid turbulent flow system. An advantage of the fourway coupling model of (Crowe, 2000) (with the inclusion of particle collision) is that it includes the turbulence enhancement by the presence of particles, expressed via the term (Kartushinsky & Michaelides, 2004 ). Due to the particle turbulent diffusion and particle collision the diffusion coefficient has two components:
The first term in expression for the particle diffusion coefficient is calculated as
 from the PDF model of Zaichik & Alipchenkov (2005) and the second term is taken from the particle's collision model of Kartushinsky & Michaelides (2004) .
Results and discussions
The numerical method: In the given RANS computations the control volume (cv) method was used. The governing equations (1-9) were solved using a strong implicit procedure with the lower and upper matrix decomposition and up-wind scheme for convective fluxes (Perić & Scheuerer, 1989 and Fertziger & Perić, 1996) . For the considered computations, 145,000 uniformly distributed control volumes were utilized for running the numerical codes. The wall functions were incorporated at a dimensionless distance from the wall as follows,
=10, where y  and c  are the control volume size and the empirical constant that equals to 0.09 c   and k is the turbulent energy, respectively.
All computations were extended from the pipe entrance to a short distance up to x/D=50 (D is the pipe diameter) similar to the height of the freeboard of CFB. For the particulate phase, when the size of particles is often larger than the size of the viscous boundary sub-layer, the volume domain occupied by the dispersed phase has slightly shrunk, which gives always positive values for the solids' velocities in the wall vicinity. This method follows the numerical approach by Hussainov et al., (1996) has been employed here. All results are presented in the dimensionless way: the velocities of both phases are related to the gas-phase velocity at the centre of the flow (r=0), the turbulent energy is normalized to a square of the gas-phase velocity, and particle mass concentration is normalized to its value at (r=0).
The numerical results. The effect of inter-particle collisions is very important for the particulate flows when the ratio of /1 c   (where c  is the time of inter-particle collision and  is the particle response time). In the considered freeboard CFB, for the particulate flows with a high mass flow ratio about or above 10kg dust/kg air the given ratio of / c  is less unit resulted in accounting of the collision process in CFB by utilizing "collision terms" in equations (5-8). These terms are responsible for inter-particle collisions. These are terms for the production of longitudinal and radial components of linear velocity correlations and deriving linear and angular velocity correlations of the solid phase, such as 
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of various sizes of particles and from that in particle material densities (light and heavy particles). An analytical expression for given velocity correlations of the dispersed phase along with the closure approach of the governing equations of polydispersed phase, Eqs.
(5-8), are given in model of (Kartushinsky & Michaelides, 2004 u , and i  are the axial linear velocity and particle mass concentration of ash or ash and sand particles, respectively. The Fig.1 shows longitudinal distribution of the gas-and solid phases for three examined cases: mixture1 is the ash ( p  2000kg/m 3 ) and sand particles ( p   2600kg/m 3 ) of the same size, 500µm with the total mass flow loading of 10kg/kg equally distributed between the ash and sand particle fractions; mixture2 is the composition of ash particles of two sizes, 500 and 1000µm and sand particles of 500µm with the total mass flow loading of 10kg/kg, which are equally distributed between these three particle fractions, and finally, mixture3 consists of ash and sand particles of the same size 500µm with the higher total mass flow ratio of 20kg/kg where the mass fractions are equally distributed between the ash and sand particles. The calculations were performed for the conditions of CFB, namely, when the density of the gaseous carrier fluid was ρ=0.3kg/m 3 and kinematic viscosity of the carrier fluid As one can notice, the gas velocity profile is similar to the typical turbulent velocity profile, however in a dense flow with high mass loading, e.g., 20kg/kg loaded by coarse particles, the velocity profile of the carrier gas-phase becomes flatter (diffusive line in Fig.1 ). It comes from the effect of turbulence enhancement by the motions of coarse particles, which modify www.intechopen.com Mathematical Modelling of the Motion of Dust-Laden Gases in the Freeboard of CFB Using the Two-Fluid Approach 151 the velocity profile to its shape of "fully" turbulent regime. At the same time the average magnitude of the longitudinal velocity component of solids slightly increases with the growth of the mass flow ratio (cf. straight dashed and bold solid lines in Fig. 1 ). Such tendency in the two-phase turbulent jet has been experimentally observed by Laats & Mulgi (1979) . Fig. 1 gives also the distribution of longitudinal velocity components of different solid particles. As the modelling shows, the velocity distribution of solid phase is less sensible to the variation of particle sizes than to the change of mass flow loading (cf. longitudinal velocity profiles for mixture1 and mixture3, straight lines in Fig. 1) . The following Figs. 2 and 3 show the detailed distribution of longitudinal velocity components for each particle fraction of solids presented separately. The cases of mixture1 and mixture3 show similar particle sizes of 500µm, but different material densities (light and heavy particles) and also different mass flow ratios: 10 and 20kg/kg (Fig. 2) . The other cases are the mixture1 and the mixture2 with the particle sizes and material densities distributions obtaining for the same total mass flow loading 10kg/kg (Fig. 3) . As one can notice, the ash particles have higher velocity than heavy sand particles (cf. dashed and solid dashed lines, Fig.2 ) that could be observed for both mass flow loadings: 10kg/kg (mixture1) and 20kg/kg (mixture3). Mixture2 is a more complicated case of particle composition. Considering the above, we can see that the larger ash particles have a lower velocity value than the smaller ones (cf. light and dark diffused lines for 500 and 1000µm particles, Fig.3) . However, at the same time the heavier sand particles of 500µm have larger velocity magnitude than the lighter ash particles of 500 and 1000µm, which show smaller velocity magnitude (Fig.3) . This trend is probably caused by the higher rate of particle collision between the light ash particles of different sizes than that between the light and heavy particles of the same size. It is difficult to predict such a tendency, but, it can be observed in numerical simulations. Fig. 4 ). Different behaviour in the distribution of radial velocity components of solid and gas-phase can also be observed. Namely, the profiles of solid phase have concave shape while the profile of gas-phase is convex. This means that the increase of mass flow loading results in the increase of radial velocity component of both fractions whatever particles are considered -the ash or sand particles (cf. solid and diffused lines for mixture3 versus the dashed bold and diffused bold lines for mixture1, Fig. 4 ). This comes from the effect of attenuation of the gas-phase by a larger amount of solid particles in the flow. The effect of lift forces is given in Fig. 5 in terms of the distribution of angular velocity of particles. Fig. 5 shows the distribution of angular velocity of ash and sand particles separately and also their average angular velocity calculated analogously to the abovementioned calculation of average linear velocity of solids in the given form:
 where si  is the angular velocity of composed particle fractions. As the figure shows, the angular velocity of particles is gradually increasing towards the wall and light ash particles have higher rotation in the vicinity of the wall than heavy sand particles. The increase of particle rotation is obviously stemmed from effect of diminishing of the particles inertia. The particle rotation results indirectly from the intensification of the mixing process, because of the growth of Magnus lift force that causes the particle migration across the flow. 6 shows the distribution of particle mass concentration across the two regimes of the flow, which depends on the mass flow ratio: mixture1 with 10kg/kg and mixture3 with 20kg/kg. As the figure shows the lower mass flow ratio results in the slower decrease of mass concentration towards the wall versus the increase of mass concentration of particles for higher mass loading of the flow. As numerical results show, the profile of particle mass concentration is close to the flat shape, which can be observed in the flow loaded by coarse particles. In fact, the numerically obtained profiles of particle mass concentration are highly appreciated because of the efficient operation of CFB units. On the contrary, in the flow domain the gradient profiles of mass concentration can cause retard of enhancement of the combustion process. Thus, an additional sand mass fraction brought to the flow domain may contribute to the improvement of the combustion process in CFB cycles. Finally, the Fig. 7 shows distribution of turbulent the energy across the flow. All considered results for given three different regimes: mixture1, mixture2 and mixture3 are matched between each other and versus also turbulent energy of single phase flow. As a whole, the trend shows that the particles in all the observed regimes generate the turbulence, which stems from the vortex shedding phenomenon behind the particles which is input to the level of turbulence generated by the flow itself. This effect of turbulence modulation, namely, the turbulence enhancement due to the presence of coarse particles is explained and computed using the four-way coupling model by Crowe (2000) . This amount of an additional turbulent energy is proportional to the square of velocity slip between the gaseous and the solid phases following the model by Crowe (2000) and it is substantial because of large velocity slip between the phases owing to high inertia of large particle size. Following to the model of Crowe (2000) , this generation term is balanced by the introduced dissipation rate of turbulent energy and calculated via the hybrid turbulence length scale (last term in the right-hand side of Eq. 5). The given four-way coupling model by Crowe (2000) is based on the criteria of turbulence modulation by particles considering the ratio of particle size to the integral turbulence length scale. In accordance with this criterion for the considered cases of two-phase turbulent flow loaded by 500 and 1000µm particles, this scale ratio is far above 0.1 and therefore the particles enhanced the turbulence of the carrier gas-phase flow. In addition, the effect of increase of polydispersity grade, i.e. particle size variation from 500 up to 1000µm occurred for the mixture2 (only with ash particles) is less pronounced than that with increase of mass flow ratio up to 20kg/kg occurred in the case of the mixture3 (cf. bold dashed line in Fig. 7) , on forming the shape and magnitude level of turbulent energy.
Feeding of particles into the flow field may create some reason for additional turbulence generation and it is much appreciated because the intensification of mixing process in CFB can be substantially improved, and as a result, higher efficiency of the combustion process in CFB units can be obtained. 
Comparison of the results
Comparing the results with our previous research Krupenski et al., 2010) in which the theoretical initial data were used we can notice the following perceptible fact: Inclusion of second (heavier) particle fraction modifies the turbulence of carrier fluid resulting in the intensification of mixing process in the freeboard area of CFB.
Conclusions
The numerical study of particulate turbulent flow modelled by 2D RANS (Euler/Euler) approach showed importance of addition of second solid fraction, characterized by heavy (sand) particles along with existence of first solid fraction of lighter (ash) particles in the mixing process taken place in freeboard CFB process. The main contribution to the flow formation stems from the inclusion of inter-particle collisions and four-way coupling turbulence modulation due to the presence of polydispersed solid particles with various physical properties. Other forces exerted on the motion of solids are: the gravitation, viscous drag and lift forces. On the basis of the performed calculations one can conclude: a. variation of solids material properties results in the enhancement of flow turbulence in comparison with the turbulence level of the flow loaded by one particle fraction; b. increase of mass loading of the flow is more pronounced for turbulence enhancement than the increase of particle size; c. increase of mass flow ratio intensifies the mixing process resulting in uniform distribution of mass concentration of solids; The obtained results can be implemented for updating/refurbishing of the industrial scale CFB risers using the real sizes distribution of solid particles of ash and sand for the combustion of Estonian oil-shale particles.
